Active control of structural sound radiation is a promising technique to overcome the poor passive acoustic isolation performance of lightweight structures in the low-frequency region. Active structural acoustic control commonly aims at the suppression of the far-field radiated sound power. This paper is concerned with the active control of sound radiation into acoustic enclosures. Experimental results of a coupled rectangular plate-fluid system under stochastic excitation are presented. The amplitudes of the frequency-independent interior radiation modes are determined in real-time using a set of structural vibration sensors, for the purpose of estimating their contribution to the acoustic potential energy in the enclosure. This approach is validated by acoustic measurements inside the cavity. Utilizing a feedback control approach, a broadband reduction of the global acoustic response inside the enclosure is achieved.
Introduction
Most recent approaches for the active control of sound radiation of vibrating structures into enclosed spaces are based on structural mode sensing [1, 2] . This requires a priori knowledge of the structural mode shapes which can necessitate a high identification effort. In Hesse et al. [3] , the structural vibration is decomposed into a set of interior radiation modes. The interior radiation modes are orthogonal functions that describe vibration modes of the structure, such that the contribution from each one of them to the acoustic potential energy in the enclosed fluid is uncoupled from any other. The interior radiation modes calculated in [3] do not presume the knowledge of structural mode shapes and are independent of frequency, as they are a subset of the cavity modes at the structural interface. Since the radiation modes are orthogonal with respect to the acoustic potential energy, their reduction by active means will lead to a global reduction of the enclosed sound field.
The mechanisms of the active control of the acoustic potential energy are investigated in a series of publications by Snyder et al. [4, 5] using secondary control inputs in the fluid and on the structure. Using an analytical model with vibration control sources, e.g. a point force, the two mechanisms of modal suppression and modal rearrangement can occur. The mechanism of modal suppression consists in the reduction of structural modal amplitudes, which are efficiently coupled to the fluid modes. Modal rearrangement on the other hand, is based on the fact, that one fluid mode is in general coupled to more than one structural mode. If this is the case, the structural modes are rearranged in a way, that the coupling to the cavity mode is less efficient.
Many approaches, regarding experimental realizations of active control of structural sound radiation into enclosed spaces, deal with the reduction of local sound pressures [6, 7, 8] or local energy density [9] . Kim and Brennan investigate the active control of harmonic and random sound transmission into an acoustic enclosure [10, 11] . 11 microphones inside the cavity are used as error sensors and the acoustic potential energy is estimated based on the sum of the squared pressure amplitudes. A structural actuator is shown to be more successful in controlling the structural vibration modes than an acoustic actuator.
The approach of local pressure control does not necessarily result in a global reduction of sound radiation. Although the active control with structural error sensing based on radiation modes is investigated numerically [1, 2] , an experimental study using a set of radiation modes and yielding a broadband reduction of the acoustic potential energy is not known to the authors. A reason for the absence of experimental work may be found in the frequency-dependence of the resulting radiation modes, when calculated numerically. These radiation modes have been proven frequency-independent for two considered systems of fluidstructure interaction in [3] using an analytical formulation and are used in this study for experimental investigations. This paper describes an experimental implementation of the global active control of sound radiation in an acoustic enclosure. The system of fluid-structure interaction consists of a rectangular plate coupled to a cuboid cavity. Section 2 describes the experimental setup. A set of harmonic velocities is measured by means of a scanning laser vibrometer (SLV) and included into an identified plant model. Radiation filters are then evaluated and appended to this plant. The system identification process as well as the control synthesis are described in detail in section 3. An overview of the achieved global noise suppression as well as the control mechanisms is given in section 4. Section 5 concludes this study and gives an outlook to future research.
Experimental setup
This section presents the experimental set-up of the plate-cavity system, as well as the measurement equipment and the active elements used. An exterior view of the experimental plate-cavity system is shown in Fig. 1a . The plate is made of 2 mm thick aluminium with the dimensions (L x × L y ) = (0.6 × 0.8) m
2 . The plate edges are fixed in an aluminium frame of 15 mm thickness. A total of 24 accelerometers are distributed equally spaced across the plate. Additionally, a grid of 13 × 15 highly reflective dots are applied to the plate to facilitate the measurement of the surface velocity by a SLV. The hardware components for the active control system are listed in Table 1 . The disturbance is induced by a primary shaker while two secondary shakers are used for the active suppression of sound radiation. During the experimental identification process, broadband uncorrelated signals for the primary and secondary shakers are generated by a dSPACE R rapid control prototyping system. The low-pass filtered accelerometer outputs are measured and the transfer functions estimated. The positions of the primary and secondary shakers as well as the sensors on the plate are summarized in Fig. 2 . For the primary shaker the position is chosen not to coincide with a nodal line in the frequency range up to 500 Hz, so that all modes of the plate can be excited. The positions of the secondary actuators were chosen taking into account controllability and observability criteria as stated by Gawronski [12] . Fig. 1b shows an interior view of the acoustic cavity comprised of a wooden mock-up. The acoustic boundary is built as a double-plate system with additional damping in its enclosed cavity. The interior cavity of the experimental set-up has a depth of L z = 0.42 m. An array of 4×8 microphones is used for the acoustic measurements. The microphone array is shifted in six equally spaced positions along the cavity depth, so that a total of 192 pressure measurements is used for the calculation of the acoustic potential energy. It should be noted, that the microphones are not part of the control system, as they are solely used for the evaluation of the acoustic potential energy. The hardware components . . . for the acoustic measurements are detailed in Table 2 .
System identification and controller synthesis
An overview of the methods used for the system identification and the controller design is given in this section. The identification of plant models, their extension with additional velocity outputs as well as radiation filter sensing are presented. Based on the extended plant model with the radiation filter output, the applied feedback control synthesis is described.
Extended plant model
The synthesis of feedback controllers necessitates accurate models of the plant to be controlled. For this study, a linear time-invariant discrete-time Data acquisition frontend NI PXI-1042Q state-space model G(z) is used, which is described at discrete time steps n ∈ N 0 as
where A, B, C and D describe the system maxtrix, input matrix, output matrix and feedthrough matrix, respectively. Based on Eqs. (1a) and (1b), the plant model G(z) can be defined as
with the complex variable z = exp(iωT ). Here, exp(·) describes the exponential function, i = √ −1 the complex unit, ω the angular frequency and T the sampling period. For the control system shown in Fig. 1a , u ∈ R nu are the primary and secondary shaker inputs and y ∈ R ny are the accelerometer outputs, with n {·} describing the size of the vector {·}. In Eqs. (1a) and (1b), x ∈ R nx is the state vector. The matrices A, B, C and D of the state space model are identified using measured data of u and y. For the system identification, the subspace identification method based on QR as well as singular value decomposition is used, the theory of which can be found e.g. in the textbook of Katayama [13] . The singular values of the frequency response are shown in Fig. 3 , comparing the identified plant using 150 states with the measured transfer functions.
Since a good agreement of the modelled and measured transfer paths is evident, this number of states is sufficient to model the plant dynamics accurately.
For the efficient active control of acoustic quantities, e.g. sound power or potential energy, over a wide frequency range a finer grid of measured data is needed than supplied by accelerometer measurements. In order to include additional velocity outputs in the control model, an extended plant [14, 15] 
where E is the identity matrix. Eq. (3) needs to be solved for the unknown matrices C ext and D ext for all N discrete frequency points. Appending the velocity outputs to the plant in Eqs. (1a) and (1b) results in the extended plant G ext (ω)
with
The extended plant G ext (ω) allows the real-time estimation of the additional point velocities y ext (n) by measuring the accelerometer outputs y. In Fig. 4 , the singular values of the additional part (excluding the sensor outputs) of the extended plant G ext (ω) are compared to the singular values of the FRF matrix H(z k ). A reasonable agreement is indicated.
Interior radiation filters
The interior radiation efficiencies and modes are calculated in [3] , using an analytical formulation. For experimental application, the radiation modes of the rectangular plate are evaluated at the SLV measurement points. Due to manufacturing tolerances of the experimental setup and temperature fluctuations, the eigenfrequencies and -forms as well as the damping characteristics of the acoustic medium will change compared to the analytical model. In this study, the eigenforms are assumed to be invariant. It is shown in [3] , that the acoustic potential energy E(ω) can be described in terms of the surrounding structural velocity v(x, y, ω) on the surface S. The acoustic potential energy E(ω) can be rewritten for the rectangular cavity as a function dependent on the interior radiation modes u l,m (x, y)
and radiation efficiencies s l,m (ω)
as
Here, l, m and n are the acoustic modal indices in the x, y and z-direction respectively. The scalars ρ and c describe the fluid density and sound velocity. 
with l = 2 , l = 0 1 , otherwise.
The angular eigenfrequencies ω l,m,n and modal damping ratios ζ l,m,n of the cavity in Eq. (7) are identified by means of a broadband loudspeaker excitation inside the cavity and measuring the resulting acoustic response using the microphones. For identification purposes, a loudspeaker excitation is preferred over a structural excitation, since using an acoustic source less structural vibration modes are excited and the cavity modes can be identified more distinctly. The resulting FRF matrix from the loudspeaker to the microphones is utilized, to identify the acoustic eigenfrequencies. Additionally, the corresponding modal damping ratios are calculated using the half-power bandwidth method [16] . The values of the identified compared to the analytical eigenfrequencies according to [3] as well as the corresponding modal damping ratios are shown in Table 3 .
It should be noted, that the (0, 0, 0) cavity mode at 0 Hz can not be measured. However, the cavity mode can not be neglected, due to its high coupling to the (1, 1) structural mode. It has been observed, that the modal damping does not change the resulting radiation filter output to a high degree. The modal damping ratio of this cavity mode is therefore assumed as 1 %. Using the identified eigenfrequencies and modal damping ratios, the radiation . A total of five radiation modes dominates the considered frequency range. The radiation efficiencies are depicted in Fig. 5a . The square root of each radiation efficiency s l,m (z) is modelled as a minimum phase filter S j (z) by means of the Robust Control Toolbox [17] in Matlab R . The singular values of the identified state-space model with the state-dimension four and the square root of the radiation efficiencies are shown in Fig. 5b . A good agreement of the identified model S j (z) with the square root of the radiation efficiencies is achieved. The radiation filter r j (z) with index j is calculated from a spatial discretisation of the radiation modes u j ∈ R 195 as Stacking of all radiation filters r j (z) into a single system yields a rectangular transfer matrix R(z). The 195 velocity outputs y ext (n) of the extended plant are multiplied by R(z), which leads to five outputs, the signal energy of which corresponds to the acoustic potential energy radiated by each radiation mode. With the five radiation filters, the acoustic potential energy in the enclosure is estimated based on the structural velocity. In order to get a reference for the estimation of the acoustic potential energy, a number of t = 192 acoustic pressure values p inside the cavity are measured as described in section 2. The acoustic potential energy E r (ω) obtained by the measurements is calculated as
A comparison of the measurement E r (ω) with the FRFs from the primary input to the acoustic potential energy for the case of radiation filter sensing at the SLV points is shown in Fig. 6 . A qualitative agreement of the coupled system dynamics can be observed in the considered frequency range.
H ∞ control
This section describes the weighting scheme of the identified plant as well as the synthesis of the controller K used in this study. Fig. 7 shows the control concept, including the extended plant G ext and the radiation filter R as mentioned in the preceding section. Subsequently, the frequency-dependence of the plant models is omitted for the sake of brevity. Due to the stochastic nature of the excitation, the feedback controller needs to provide broadband control performance. This is achieved by using a robust control approach [18] . The transfer functions of the plant P in Fig. 7 
In Eq. (13), d describes the disturbance, y the sensor outputs, u the controller output and p the performance output. The control objective for robust control is achieved by minimising the H ∞ norm of the transfer function from the disturbance d to the performance output p [18] . By introducing a frequency-dependent weighting function W, additional constraints for the quantities can be introduced. The weighting scheme for the closed control loop is shown in Fig. 8 , consisting of four weighting filters. The calculation of the weighting filters is based on two variables, which are related to the rate of disturbance rejection and restriction of the control input [19] . The aim of the H ∞ control synthesis is to find a controller K that limits the H ∞ norm of the plant T zw below a value γ:
Here, the operator sup describes the supremum over all real valued frequencies ω andσ is the maximum singular value. As can be seen from Fig. 8 , the transfer function T zw is defined as
with the sensitivity
The term P 11 − P 12 KSP 21 describes the closed loop transfer path from the disturbance d to the performance output p. The solution of the synthesis for the controller K is computed in Matlab R by means of the Robust Control Toolbox [17] .
Control results
This section presents the control measurement results. The closed loop performance is evaluated in terms of the plate vibration and cavity noise reduction. The acoustic potential energy is estimated from the microphone measurement data according to Eq. (12) . A comparison of the estimated acoustic potential energy for the open and closed loop measurements is shown in Fig. 9 . Throughout the frequency bandwidth of 0 − 500 Hz, a reduction of the sound radiation can be observed, with narrowband exceptions occurring at 270 Hz and 412 Hz. Integrated over the frequency bandwidth, a reduction of 2.14 dB in acoustic potential energy is achieved. A maximum reduction of 14.31 dB is observed at 176.3 Hz. The corresponding reduction in mean squared velocity level of the structural vibration is plotted in Fig. 10 . Contrary to the acoustic potential energy, the mean velocity is not necessarily reduced in order to achieve a reduction in sound radiation. This phenomenon is also known from the active control of the far field radiated sound power [20] .
In order to evaluate the mechanisms involved in the reduction of sound radiation, Figs to the reduction of this structural mode. This fact is emphasized by the equal reduction rate in acoustic potential energy (Fig. 9 ) and mean squared velocity ( Fig. 10 ) of ≈ 5 dB. At 95 Hz on the other hand, a reduction of interior noise radiation is achieved by a restructuring of the mode shape. The volume-displacing mode, similar to a (1, 3) mode, is converted to a non-volume-displacing (2, 2) mode. The class of non-volume-displacing modes are likely to be less efficiently coupled to interior enclosures [21] . Fig. 13 shows the corresponding magnitude sound pressure distribution inside the cavity at 95 Hz, as measured by the microphone array according to section 2. A global reduction of the cavity noise is evident for the closed loop response in Fig. 13b . The magnitude of the sound pressure distribution at 176. 3 Hz for the open and closed loop is shown in Fig. 14 , where a maximum reduction of the acoustic potential energy is achieved. At this frequency, the cavity response to the structural excitation is dominated by the acoustic (0, 1, 0) mode with a nodal line at 0.4 m. The closed loop response depicted in Fig. 14b shows a global reduction in sound pressure throughout the cavity.
Conclusion
The frequency-independent radiation modes of interior sound radiation are studied using an experimental coupled plate-fluid system. Radiation mode sensing is conducted through an extension of structural velocity measurements to the plant model. The estimated acoustic potential energy resulting from radiation mode sensing is compared to microphone measurements and a qualitative agreement is shown. The active control of the radiation filter outputs is then evaluated using a H ∞ controller. As a result, a broadband reduction of the acoustic potential energy is achieved under stochastic excitation. Based on structural and acoustic measurements, exemplary mechanisms involved in the global reduction of interior noise are presented. Future work will be focussed on the active control of interior sound radiation including more realistic excitations as well as increasingly complex structurecavity systems. E.g. assuming an excitation of a turbulent boundary layer for aerospace applications, the disturbance path cannot be included into the plant model. Additionally, structural stiffeners as well as curvature effects need to be taken into consideration in the case of more complex structures. 
